Matrix-assisted laser desorption and ionization (MALDI) mass spectrometry was used to determine concentrations of individual potato glycoalkaloids in tubers. Samples were extracted with methanol-water and deposited on 2,4,6-trihydroxyacetophenone crystals. Positive ions were analyzed with a MALDI time-of-flight mass spectrometer equipped with a 337 nm laser. Analyte ion intensities relative to an internal standard were used to determine chaconine and solanine concentrations. Calibration curves were prepared by standard additions to potato tuber material. The relative standard deviations (RSDs) of triplicate measurements ranged from 1 to 16%, with an average of 9%. The day-to-day RSD for replicate determinations was 11%. Recoveries of analyst-prepared spikes (50 µg/g) averaged 104% for chaconine (RSD, 8%) and 98% for solanine (RSD, 4%). The method limit of detection was estimated to be 2 mg/g. M atrix-assisted laser desorption and ionization mass spectrometry (MALDI MS) is a powerful technique for quick and accurate determination of the molecular masses of large molecules. A pulse from a laser is used to ionize an analyte embedded in a UV-absorbing matrix, allowing ionization of molecules with masses of up to 1.5 million Da, with minimal molecular fragmentation (1). Although MALDI MS is primarily a qualitative technique, several laboratories have reported using it quantitatively (2-5). The most serious limitation to using MALDI MS quantitatively is that signal intensity can vary tremendously from one laser shot to the next. Signal reproducibility is primarily affected by sample preparation techniques and also by signal suppression from other ions, fluctuations in laser fluency, and adduct formation. Despite these problems, quantitative MALDI MS remains attractive because sample preparation and analysis time can be very fast and because analyte identification on the basis of molecular mass is so selective.
M atrix-assisted laser desorption and ionization mass spectrometry (MALDI MS) is a powerful technique for quick and accurate determination of the molecular masses of large molecules. A pulse from a laser is used to ionize an analyte embedded in a UV-absorbing matrix, allowing ionization of molecules with masses of up to 1.5 million Da, with minimal molecular fragmentation (1) . Although MALDI MS is primarily a qualitative technique, several laboratories have reported using it quantitatively (2) (3) (4) (5) . The most serious limitation to using MALDI MS quantitatively is that signal intensity can vary tremendously from one laser shot to the next. Signal reproducibility is primarily affected by sample preparation techniques and also by signal suppression from other ions, fluctuations in laser fluency, and adduct formation. Despite these problems, quantitative MALDI MS remains attractive because sample preparation and analysis time can be very fast and because analyte identification on the basis of molecular mass is so selective.
Sample preparation for MALDI MS requires that the analyte be embedded in crystals of some UV-absorbing matrix, usually accomplished by preparing a solution of the analyte and matrix and allowing the solvent to evaporate after applying a drop of the mixture to a sample probe. The distribution of analyte in the resulting crystals is rarely homogenous so that in one area of the sample spot, no signal response may be detected while other areas of the same spot show strong signals. Practically all reports of quantitative MALDI MS use an internal standard to counter this shot-to-shot variability. The ideal internal standard must be similar to the analyte in terms of chemical structure, mass, and concentration (2) . Isotope analogues are ideal but frequently cannot be resolved from the analytes and are difficult to obtain. A second approach to reducing shot-to-shot variability is to promote the formation of small, uniform matrix crystals, thereby improving the distribution of analyte in the matrix. This approach has been done with comatrixes (6) and by accelerating solvent evaporation (7, 8) .
Glycoalkaloids are present in practically all potatoes and are considered a health concern. They are toxic at doses only 4 times higher than might be consumed in a 500 g serving of potatoes (9) . Chaconine and solanine are the only 2 glycoalkaloids found in significant concentrations in commercial potato varieties, although numerous other glycoalkaloids have been identified in wild varieties (10) . Glycoalkaloid determination traditionally has been done by high-performance liquid chromatography (HPLC) requiring sample cleanup on a solid-phase extraction cartridge and concentration before injection to the chromatograph and subsequent UV detection near 208 nm (11) (12) (13) (14) . Immunoassays also have been developed to measure total glycoalkaloids (15, 16) and are available commercially (EnviroLogix Inc., Portland, ME).
Abell and Sporns (17) were the first to report quantitation of potato glycoalkaloids with MALDI MS. Their procedure involved simply spotting the crude sample extract on a MALDI probe and collecting the spectra. Results were comparable with HPLC results. The following method is an adaptation of that procedure and is used to determine the glycoalkaloid concentration of Alberta potatoes stored through the winter. Calibration considerations, repeatability, accuracy, selectivity, and detection limits of the MALDI MS glycoalkaloid method are presented. 
METHOD

Apparatus
Sample Extraction
Wash potatoes to remove soil and shred the samples with a kitchen food processor. Freeze-dry the shredded potatoes and grind with a coffee grinder to pass through a 20 mesh screen. Store dry samples at 4°C until needed. Suspend 400 ± 4 mg freeze-dried potato in 10 mL extraction solvent and place in the ultrasound water bath for 1 min. Shake for 1 h at 200 rpm on an orbital shaker. Transfer ca 1 mL to a microcentrifuge tube and centrifuge at 3000 rpm for 10 min. Use the supernatant for MALDI MS analysis. Extract each sample in triplicate.
MALDI MS Analysis
(a) Probe preparation.-Spot ca 0.3 µL of the saturated matrix solution on the MALDI MS probe and allow the acetone to evaporate (<3 s). Spot 0.5 µL of the sample extract on top of the trihydroxyacetophenone crystals and allow the spot to dry for 10 min. Use a squirt bottle to rinse the probe for ca 3 s with water and allow the probe to dry for 1 h under a household fan. Spot each extract in triplicate.
(b) Collection of spectra.-Determine the optimal laser power each day spectra are collected by selecting the maximum power setting that still allows baseline resolution between chaconine and solanine. The window between no response and poor resolution can be less than 5% of total laser output. Collect spectra by firing the laser stepwise across the entire spot. Average 100 shots from each spot. Compare the average peak intensities relative to the tomatine internal standard of each extract to a calibration curve prepared the same day. Potassium adduct peaks may be observed as peaks 39.1 mass units higher than the analyte molecular mass. If potassium adducts are present, add the intensity of the potassium adduct peak to the intensity of the protonated peak.
Preparation of Calibration Curve
Prepare the calibration curve with a series of standard additions to a potato sample shown to have very low or undetectable levels of chaconine and solanine. Peeled, freshly harvested samples are potentially good sample blanks. Extract 6 blank samples the same way normal samples are extracted, except use the standard solutions as the extraction solvent. Standard solutions contain both chaconine and solanine in concentrations of ca 0, 4, 8, 12, 16, and 20 mg/mL. Plot the intensity of the glycoalkaloid peak as a percentage of the internal standard vs concentration of the standard. Apply second-order polynomial regression analysis to the data.
Calculations
Determine the concentrations of glycoalkaloid in the extracts by comparison with the calibration curve. Calculate the concentration of glycoalkaloid in the freeze-dried potato as follows:
where C is the glycoalkaloid concentration in the extract (µg/mL), V is the volume of solvent used to extract the sample (mL), and W is the weight of freeze-dried sample (g). Glycoalkaloid concentration in fresh potatoes was calculated with the assumption that the tuber contains 80% moisture (17) . 
Results and Discussion
Instrument Response
Several steps were helpful in reducing shot-to-shot variability. Preparing the matrix in acetone, rather than in a methanol-water solution as previously reported (17), resulted in much finer crystals, which led to more consistent signal response, presumably because the analytes were more homogeneously distributed in the matrix crystals. Rinsing the probe with water after spotting the sample significantly reduced the presence of potassium adducts and produced cleaner spectra by removing interfering salts (Figure 1 ). Day-to-day repeatability also was improved by daily determining the optimal laser power. However, the laser power was kept constant during any one day because the relative response of the individual analytes differed when laser power was adjusted.
Calibration
The relationship between peak intensity and glycoalkaloid concentration was best described by a second-order polynomial curve (Figure 2 ). The deviation from linearity is thought to be caused by suppression of the chaconine and solanine signals at higher concentrations. Recent work has suggested a competition between matrix and analytes for cations during ionization (19) . It is possible that chaconine and solanine do not compete for protons as effectively as the internal standard tomatine, resulting in a nonlinear calibration curve. Nevertheless, signal response as a percentage of the internal standard response correlated well with analyte concentration, with coefficient of correlation values consistently above 0.97 (Tables 1 and 2 ).
Repeatability
The same potato sample was analyzed in triplicate on 7 separate days over a 4-month period. The relative standard deviations (RSDs) of triplicate analysis on a single day ranged from 1 to 15% for chaconine and from 3 to 16% for solanine (Tables 1  and 2 ). These results compare favorably with reported ELISA repeatability results (20) and with LC (13) . Day-to-day RSD values were 10% for chaconine and 12% for solanine.
Accuracy
The accuracy of the method was estimated from spike recoveries. Potato samples were spiked with each glycoalkaloid at about 50 µg/g. Mean recovery for chaconine was 104%, with a day-to-day RSD of 8% (Table 1) . Mean recovery for solanine was 98%, with a day-to-day RSD of 4% (Table 2) . Total glycoalkaloid concentrations in potato tubers determined by MALDI MS previously have been shown to correlate well with LC results (17) .
These data indicate that MALDI MS can accurately measure potato tuber glycoalkaloid levels. However, all calibration curves were prepared by standard additions to tuber material, because the presence of tuber material in the solution spotted on the probe dramatically decreases the signal response for all glycoalkaloids. For example, 5 nM solanine in a tuber extract produced a peak 5-10 times less intense than a 5 nM solanine standard made up in pure solvent. This example illustrates how the presence of other compounds can greatly affect the desorption and ionization of an analyte. To compensate for this effect, the calibration curve should be prepared in a sample matrix as similar as possible to the samples being analyzed.
Method Limit of Detection
The method limit of detection (MLOD) was defined as the concentration of glycoalkaloid in potato tubers required to generate a signal equal to 3 times the baseline noise (peak-to-peak). The MLOD was estimated from fresh potatoes with low glycoalkaloid levels. Under the conditions specified in the method, the MLOD for both chaconine and solanine was approximately 2 µg/g in potato tissue (Figure 3) . In principle, the limit of detection could be improved by increasing the amount of sample used in the extraction procedure.
Selectivity
The selectivity of the method is primarily limited by the ability of the instrument to resolve the analyte from other compounds of similar molecular mass. For low mass analytes (<400 Da), one can expect to see interfering compounds simply because so many different molecules exist in this mass range. Matrix and matrix cluster ions also tend to occupy the spectrum below m/z 500. However, as the molecular mass of the analyte increases, the probability of interfering compounds of similar mass becomes less, so that interferences are rare for analytes with masses greater than 500 Da. The resolving power of MALDI time-of-flight mass spectrometers also has improved dramatically over the past few years with the introduction of delayed extraction (also called time-lag focussing or pulsed ion extraction). Resolution values of 6000 fwhm (full width at half maximum) are now possible, meaning that the instrument is roughly capable of resolving m/z 3000 from m/z 3001 (product literature from Bruker Daltonics, Billerica, MA). Spectra of potato extracts showed no significant interferences. One of the limitations of chromatographic determination of glycoalkaloids is the difficulty in resolving hydrolysis products from α-chaconine and α-solanine (21) . Because the loss of one sugar unit changes the mass of a glycoalkaloid by 146 mass units, depending on the sugar, resolution of α-glycoalkaloids from β-glycoalkaloids (loss of one sugar unit) and γ-glycoalkaloids (loss of 2 sugar units) is achieved easily with even the earliest MALDI mass spectrometers (Figure 4 ).
Glycoalkaloid Levels in Stored Alberta Potatoes
Most of the samples collected for this experiment were seed potatoes that had been stored in commercial bins for about 7 months. The seed market prefers small tubers, less than 10 ounces (280 g), because large tubers may yield significant numbers of blind seed pieces (without eyes) when they are cut prior to planting (22) . Average tuber size was less than 280 g for all samples used in this study. Both extended storage time and small tuber size are associated with elevated levels of glycoalkaloid (10) . Therefore, these potatoes represent a higher than normal exposure to glycoalkaloids for typical Alberta consumers. Most samples appeared to be in good condition with the exception of Shepody-1 and Amisk samples. About 20% of the Shepody-1 samples had rotted. The rotted tubers were culled before analysis. The Amisk samples had sprouted about 1 cm. Although the sprouts were also removed prior to analysis, Amisk samples still contained the highest glycoalkaloid levels of all the samples analyzed. While some potato samples exhibited slightly elevated glycoalkaloid levels, all were well within the 200 µg/g limit generally regarded as acceptable (10; Table 3 ).
Conclusions
MALDI MS can rapidly quantitate chaconine and solanine in potato tubers with minimal sample requirements and minimal sample preparation and with a high degree of confidence in the identity of the analyte because detection is based on molecular mass. The potential for MALDI MS as a quantitative technique is vast. This technique is new; first reports were published only 10 years ago (23, 24) . Consequently, instruments are still expensive and undergoing rapid changes. Unlike chromatography and capillary electrophoresis, MALDI instrumentation has not yet been designed explicitly for quantitative analysis. For example, most sample probes can accommodate no more than 20 spots. This situation is more a problem of design than a limitation of the technology. As the technology continues to mature and more applications are developed, MALDI MS will become an increasingly important tool for the analytical chemist. 
